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The current race in quantum communication, endeavouring to establish a global quantum network, must
account for special and general relativistic effects. For example, Shapiro time-delay, gravitational lensing, and
frame dragging – all due to how a mass distribution alters geodesics – are well-studied. Here, we report how the
curvature of spacetime geometry affects the propagation of information carriers along an arbitrary geodesic. An
explicit expression for the distortion onto the carrier wavefunction in terms of the Riemann curvature is obtained.
Furthermore, we investigate this distortion for anti de Sitter and Schwarzschild geometries. For instance, the
spacetime curvature causes a 0.11 radian phaseshift for communication between Earth and the International
Space Station on a monochromatic laser beam as well as quadrupole astigmatism, which causes 13.4% cross-
talk among the modes, when structured modes traverse through the solar system. Our finding shows that this
gravitational distortion is significant, and it needs to be either pre- or post-corrected at the sender or receiver to
retrieve the information.
Photons, electromagnetic waves, are widely used in clas-
sical and quantum communication since they do not possess
electric charge or rest mass. However, a photon’s traits, e.g.
group and phase velocity, wavelength, linear and optical an-
gular momentum, are modified inside or during propagation
through a linear or a nonlinear medium. Understanding how
these optical properties are altered upon propagation is a key
element for any optical communication network. In optical
communication, the sender and the receiver, namely Alice
and Bob, use one or several internal photonic degrees of free-
dom, such as wavelength, polarisation, transverse mode, or
time-bins, to share information, including a ciphertext and the
secret key to decrypt the ciphertext. The propagation, e.g.
through fibre, air or underwater channels, causes these pho-
tonic degrees of freedom to be altered, and thus causes un-
desired errors on the shared information. Therefore, the al-
teration to those degrees of freedom for any communication
channel needs to be considered and well-examined. Sharing
information with a longer range or with moving objects, e.g.
satellites, airplanes, submersibles [1–3], requires the optical
beam not only traverses through a medium, but in a few cases
also in the fabric of the spacetime geometry, where general
relativistic effects manifest [5–8]. Effects associated to the
change of the geodesic due to a mass distribution, such as
Shapiro time-delay [9], gravitational lensing [10], and frame
dragging [11], are well-studied and observed [12–17]. Here,
we explore the propagation of wavepackets along an arbi-
trary geodesic in a general curved spacetime geometry. We
study how the curvature of the spacetime geometry affects
the wavepacket as it travels along a geodesic. We report that
the Riemann tensor alters the wavepacket propagating along
a geodesic. The alteration operators depend on the geodesic
and components of the Riemann tensor on the geodesic.
We start by considering a massless scalar field ψ := ψ(xµ)
that propagates in a curved spacetime geometry xµ = (t, xi) =
(t, x, y, z) with an arbitrary Riemann curvature tensor Rabcd.
For simplicity, we choose units such that c, the speed of light
in vacuum, and ~, the reduced Planck constant, be equal to
one, i.e. c = 1 and ~ = 1. When the size of the wave packet
is small compared to the curvature of the spacetime geome-
try, the scalar field travels along a null geodesic γ, see Fig. 1
a. Along the geodesic, one can choose local coordinates, re-
ferred to as Fermi coordinates [18]. The metric’s components
in the Fermi coordinates can be expanded in terms of the com-
ponents of the Riemann tensor Rabcd and its covariant deriva-
tives evaluated on the geodesic, see Fig. 1 b,c. The expansion
of the metric up to quadratic order in the transverse coordi-
nates of the geodesic of a massless particle γ is given by [19],
ds2 = 2dx+dx− + δabdxadxb −
[
R+a¯+b¯x
a¯xb¯(dx+)2 (1)
+
4
3
R+b¯a¯c¯x
b¯xc¯(dx+dxa¯) +
1
3
Ra¯c¯b¯d¯x
b¯xc¯(dxa¯dxb¯)
]
+ . . . ,
where x± = (x3 ± t)/√2 represent the Dirac light-cone coor-
dinates [20], δab is the Kronecker delta, ˆ˙γ is the tangent of the
null geodesic and a, b ∈ {1, 2}, and (xa¯) = (x−, xa) and the
curvature components are evaluated on γ.
The massless scalar field ψ obeys the (covariant) wave
equation, ψ = (−g)− 12 ∂µ(−g) 12 gµν∂νψ = 0, where g is the
determinant of the metric gµν, and µ, ν ∈ {±, a}. In the
Fermi coordinates, gµν can be viewed as a perturbation to the
Minkowski metric, inducing expansion series for the inverse
and determinant of the metric: gµν = ηµν + εδgµν + O(ε2) and
ln(
√− det g) = εδg + O(ε2). Note: ε is the systematic pertur-
bation parameter introduced to keep track of the perturbation
series. Utilizing the perturbation gives,
ψ = (0)ψ + ε(∂µ(δgµν∂νψ) + ηµν∂νδg∂µψ) + O(ε2) = 0, (2)
where (0) = ηµν∂µ∂ν = 2∂−∂+ + ∇2⊥ is the d’Alembert oper-
ator in the flat spacetime geometry, and ∇2⊥ = ∂21 + ∂22. The
perturbative nature of equation (2) seeks for a series expan-
sion, ψ = ψ(0) + εψ(1) + O(ε2). Here, ψ(0) satisfies the scalar
wave equation in the flat spacetime geometry (0)ψ(0) = 0, and
the perturbed term to the wave function, ψ(1), yields,
(0)ψ(1) = −∂µ(δgµν∂νψ(0)) + ηµν∂νδg∂µψ(0) . (3)
We assume the Fourier expansion, ψ(0) =∫
dω f (0)ω (x+, xa)eiωx
−
, where f (0)ω satisfies the paraxial equation(
2iω∂+ + ∇2⊥
)
f (0)ω = 0. This implies that the solutions given
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FIG. 1. Schematics of communication in a general curved spacetime geometry and proper chosen coordinates. a Two parties, namely
Alice and Bob, communicate in a general curved spacetime geometry. Alice encodes her message in a sequence of information carriers and
sends them to Bob. The information traverses through the spacetime over a geodesic γ. The physical traits of information are distorted by
the curvature of the space-time, causing errors to the field wavepacket. b The shown null geodesic γ. Close to γ, at the local coordinates, the
metric is approximately pseudo-Euclidean. c The associated Fermi coordinates, the null geodesic path is mapped to x+.
by the paraxial approximation in optics [21, 22], are exact.
The paraxial equation is isomorphic to the Schro¨dinger equa-
tion, and its solutions (the transverse and longitudinal parts)
can be expressed in the form of Laguerre-Gauss (LG) modes
(with an azimuthally-symmetric intensity profile) or Hermite-
Gaussian (HG) wavepackets [23]. We consider a wavepacket
wherein the field is slowly varying, and assume that the
metric does not significantly change inside the wavepacket.
Therefore, all derivatives of ∂µψ(0), except ∂−ψ(0), are negli-
gible, and the leading term in the right hand side of Eq. (3)
is ∂−(δg−−∂−ψ), where δg−− = −g(1)++ = R+a¯+b¯xa¯xb¯. Therefore,
Eq. (3) reduces to,
(0)ψ(1) = −R+a¯+b¯ xa¯xb¯∂2−ψ(0) . (4)
Here, ψ(1) =
∫
dω f (1)ω (x+, xa)eiωx
−
with f (1)ω being the correc-
tion to the structure function for the frequency of ω. We have
found the solutions to Eq. (4) – see the Supplementary Note
1 for more detail on the derivation. The solution is
ψ(xµ) =
∫
dω
∑
p,`,n
cp`n(ω)eiωx
− (
1 + ε(Oω + QωU + QωN)
)
f (0)ω
where cp,`,n(ω) are defined based on the initial and bound-
ary conditions. The operators, Oω, QωU and QωN , deviating the
wavepacket from the flat geometry wavefunction are given by,
Oω = − iω
2
Gabxaxb + G˜abxa∂b + i
ω
˜˜Gab∂a∂b ,
QωU =
i
ω
(
1 − ω
2
2
(
x−
)2)G−− − ix−ωxaG−a + x−G˜−a∂a ,
QωN = x−G−− + G−axa +
2i
ω
G˜−a∂a , (5)
whereGab, G˜ab, and ˜˜Gab are integrals of the components of the
Riemann tensor R+a¯+b¯ evaluated on the geodesic – see Supple-
mentary Note 1:
Ga¯b¯ =
∫ τ
0
dτR+a¯+b¯ , G˜a¯b¯ =
∫ τ
0
dτGa¯b¯ , ˜˜Ga¯b¯ =
∫ τ
0
dτG˜a¯b¯ ,(6)
where τ is the affine parameter on the geodesic.
A similar approach can be used to find the wavefunction
of a massive scalar particle. The physical degrees of U(1)
gauge fields get corrected as if they were scalar fields (see
Supplementary Note 3 and 4).
We now find an explicit expressions for the distortion oper-
ators in de Sitter and Schwarzschild spacetime geometries.
de Sitter and anti de Sitter spacetime geometries: The Rie-
mann tensor in a maximally symmetric spacetime geometry
is Rµνµ′ν′ = Λ(gµµ′gνν′ − gµν′gνµ′ ). The value of Λ determines
different geometries: Λ > 0 represents the de Sitter space-
time geometry; Λ < 0 represents the anti de Sitter spacetime
geometry; and Λ = 0 is the Minkowki spacetime geometry.
R+−+− = Λ is the only non-zero component for R+a¯+b¯ evalu-
ated on the geodesic, and thus the correction operators, Eq. (5)
are,
Oω = 0, QωU =
i
ω
(
1 − ω
2
2
(
x−
)2)
Λx+, QωN = Λx+x− . (7)
Let us consider a Gaussian wavepacket with normal distri-
bution for ω around ω0 with the width of σ, i.e. ψAlice =
f (0)(x+, x1, x2)eiω0x
−
e−
(σx− )2
2 . The validity of the perturbative
solution demands that |Λ|  ω20, |Λ|  σ2 and σ  ω0.
The wavepacket after the propagation is ψBob ' (1 + εQω0U +
εQω0N )eiω0x
−
f (0)e−
(x− )2σ2
2 .
Qω0N and Qω0U change the wavepacket amplitude and phase,
respectively. The maximum of |Qω0N ψAlice| occurs at x− =±1/σ. Requiring it to be smaller than 1 yields T < τA where
τA = (σ
√
e)/|Λ|. τA is the maximum time that the wavepacket
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ra
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FIG. 2. Propagation of wavepacket and associated null geodesics
in the Schwarzschild spacetime geometry. a The null geodesics
(dashed curves) for beams that propagate very close to the event hori-
zon - we set the event horizon at 1. b Schematic of wavepacket prop-
agation radially in the Schwarzschild spacetime geometry. Alice and
Bob are located at ra and rb, respectively.
feels the curvature of the spacetime geometry and keeps its
amplitude intact. Qω0U alters the phase of the wavepacket.
The maximum of |Qω0U ψAlice| occurs at x− = ±
√
2/σ. Re-
quiring it to be smaller than 1 results T < τϕ where τϕ =
(στA
√
e)/(2ω0). τϕ is the maximum time that a wavepacket
can feel the curvature of the spacetime geometry and keep its
phase intact. For T > τϕ, information about phase is lost
at perturbation. This should be interpreted as “gravitational
decoherence” and its possible consequence on ADS/CFT cor-
responded [24] demands attention. τA represents the amount
of time of interaction with the curvature that the wavepacket
can keep its amplitude intact. We observe that τϕ  τA. So
gravitational decoherence occurs sooner than the change in
the amplitude.
Schwarzschild spacetime geometry: We choose the stan-
dard spherical coordinates r, θ, ϕ where geodesics are extrema
of,
L = −
(
1 − m
r
)
t˙2 +
(
1 − m
r
)−1
r˙2 + r2(θ˙2 + sin2 θϕ˙2) , (8)
and m = 2G M• is the Schwarzschild radius, M• is the mass of
the blackhole, and G is the gravitational constant – the units
are such that m = 1. Due to the spherical symmetry, without
loss of generality, we choose the equatorial plane, i.e. θ = pi/2
and thus θ˙ = 0 to describe any given geodesic at all time.
Since ϕ and t are cyclic variables, ∂ϕL = 0 and ∂tL = 0, and
thus r2ϕ˙ = l and (1 − 1/r)t˙ = E, where l and E are associ-
ated invariant quantities. For a null geodesic L = 0 (reaching
the asymptotic infinity and setting E = 1), the path equation
is |r˙| = γ(r) = (E2 − (1 − 1/r) r−2 L2)1/2. Figure 2-a shows
several null geodesics that go very close to a blackhole.
The components of the Riemann tensor in the Fermi-
coordinates adapted to a general null geodesic of
Schwarzschild spacetime geometry are derived in the
Supplementary Note 5. We first consider that the wavepacket
propagates along the radial direction, Figure 2-b, where
a b
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FIG. 3. Propagation of Gaussian wavepacket along radial direc-
tion in the Schwarzschild spacetime geometry. a Amplitude (pur-
ple) and phase (orange) of the initial Gaussian beam at the sender
(Alice). b The changes in the amplitude (δA) and the phase (δχ) of
the Gaussian wavepacket with width of σ transmitted over the radial
null geodesic in the Schwarzschild geometry between ra and r = rb,
the geometry is shown in Fig. 2-b. The units are chosen where the
Schwarzschild radius and light speed are one.
the only non-zero components of the Riemann tensor is
R+−+− = −1/r3. This is the same component that ap-
peared in the de Sitter spacetime geometry. The radial
geodesic has l = 0, and its correction operators are Oω = 0,
QωU = − i2ω
(
1 − (ωx−)
2
2
) (
1
r2a
− 1r2
)
, and QωN = − 12
(
1
r2a
− 1r2
)
x−,
where Alice is located at ra. These correction terms do
not contain derivatives of the spatial transverse coordinates.
Thus, the Riemann tensor does not affect the spatial transverse
profile of the wavepacket. This is due to the symmetry, as the
radial geodesic inherits the static and spherical symmetry of
the background.
We now consider the propagation of a Gaussian
wavepacket, i.e. ψAlice = f (0)(x+, x1, x2)eiω0x
−
e−
(σx− )2
2 . Using
the Kretschmann invariant [25] K = RµνληRµνλη = 12/r6a to
estimate the curvature of the spacetime, we notice that pertur-
bation is valid for K  ω40, or equivalently for 2
√
3  σ2r3a
and σ  ω0. Similar to the de Sitter geometry, QωN and QωU
alter the amplitude and the phase of the wavepacket, respec-
tively. The change in the amplitude δA and phase δχ of the
wavepacket can be explicitly calculated:
δA = −εx
−
2
 1r2a − 1r2b
 e− (σx−)22 + O (ε2) (9)
δχ =
iω0
4σ2
 1r2a − 1r2b
 (σx−)2 e− (σx−)22 + O (ε2) ,
where rb is the location of Bob. The maximum alteration to
the amplitude and phase of the Gaussian wavepacket occur at
x− = ±1/σ and x− = ±√2/σ, respectively. For a Gaussian
wavepacket that propagates radially close to the Earth, the
maximum alteration to the amplitude and phase are respec-
tively |δAmax.| = 12σ
(
1
r2a
− 1r2b
)
and δχmax. =
ω0 m⊕
2σ2
(
1
r2a
− 1r2b
)
,
where m⊕ is the Schwarzschild radius of Earth.
The spacetime geometry is static and the correction oper-
ator is linear; therefore, there is no need to assume that the
length of the wavepacket is small along the x− coordinate.
This can be explained by the division of a large wavepacket
in the x− direction into small segments, solving the equation
4ba
0
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FIG. 4. Propagation of Hermite-Gaussian modes in a weak gravi-
tational field. Hermite-Gaussian mode HGm,n(x+, x1, x2) is not shape
invariant under propagation in the Schwarzschild spacetime geome-
try, and both the intensity and phase profiles modify. a and b are
respectively the intensity |εψ(1)|2 and phase arg εψ(1) distributions of
the corrected term, for the first 9 HG modes m, n ∈ {0, 1, 2}. The row
and column are associated to m ∈ {0, 1, 2} and n ∈ {0, 1, 2}, respec-
tively. The dimensionless coordinates are used for these plots.
for each segment, and adding the solutions up for all the seg-
ments. We, therefore, can extend the correction even for small
values of σ. To estimate the phase alteration, we consider that
Alice and Bob are respectively located on the surface of the
Earth, ra = 6400 km, and in the International Space Station
with rb = 6800 km. The phase alterations on the Gaussian
wavepacket is δχmax. =
(
2.2 × 10−10Hz
)
ν0/∆ν
2, where the
laser line-width is ∆ν = 2piσ and ν0 = 2piω0. For a stabi-
lized low-power continuous-wave laser with ν0 = 500 THz
and ∆ν = 1 kHz, δχmax. = 0.11 rad.
As a final example, we examine the weak regime of grav-
ity when the beam possesses well-defined transverse modes
– see Fig. 2-(a). The wavepacket carrying a well-defined
transverse mode traverses through space and reaches to the
minimum distance of l to the central mass – here, we as-
sume l is large. We now consider a specific wavepacket,
a Hermite-Gauss transverse mode f (0)
ω,p,`,q(x
−, x+, x1, x2) =
eiω0x
−
e−
(σx− )2
2 HGm,n(x+, x1, x2) – the longitudinal and fre-
quency distributions are assumed to be Gaussian. The cor-
rection operators are calculated to be:
O = −8ia
2
zR
(
x2 − y2
)
,
QU = ia2l2ω0
1 − ω202 (x−)2
 + 3ilw0 x−x ,
QN = x
−
a2l2
− 3w0x
zRl
, (10)
where x =
√
2x1/w(x+) and y =
√
2x2/w(x+) are dimen-
sionless coordinates, w(x+) = w0
√
1 +
(
x+
zR
)2
is the beam ra-
dius, zR = 12ω0w
2
0 is the Rayleigh range, a = ra/l is a scal-
ing parameter, w0 is the beam radius at Alice’s position -
see Supplementary Note 6 for more details. These opera-
tors contain coordinate parameters x and y, and thus, alter
both the amplitude and phase of the transverse modes upon
propagation. The correction for the solar system, when Al-
ice and Bob are at the mean Earth-Sun distance from the
Sun and the wavepacket passes at l = 2R, and for zR =
2.66 km × a2 = 1010 m, remains perturbative and is given
by εψ(1)(xµ) = i 0.11
(
x2 − y2
)
ψAlice(xµ)|x+=T .
The amplitude and phase of the correction εψ(1)(xµ) for a
few Hermite-Gaussian modes are shown in Fig. 4. As seen,
these alterations on the modes are considerable. For instance,
it causes up to 13.4% crosstalk between HG0,3 and HG0,1
modes, and therefore, these alterations need to be accounted
for when information is encrypted in the spatial modes. The
action of curved spacetime geometry on the wavepacket is
linear. Therefore, a target beam (pointer) that does not pos-
sess the information can be used as a reference to monitor
the distortion of the information carrier, and an active sys-
tem can be employed for compensating the distortion in real-
time – in conjunction, results in retrieving the original infor-
mation. Moreover, whenever ε ' 1, the higher-order terms
of correction are needed to be considered. For instance, for
zR < 26.6 km × a2, the correction becomes larger than 1 and
we need to take into account higher ε terms. Taking into ac-
count all the corrections is tantamount to knowing the Rie-
mann tensor in whole of the spacetime geometry, a piece of
knowledge which is not attainable. Thus, we tend to argue
that once the perturbation breaks, in addition to known well-
studied gravitational decoherence [26–29], a decoherence oc-
curs. This gravitational decoherence also occurs for geodesics
passing very close to the event horizon – see Supplementary
Note 7. Finally, it is noteworthy that photon pairs |ψ〉entangled,
e.g. entangled in spatial, frequency or temporal modes, would
be affected by the curved spacetime geometry whenever they
are shared between two parties, namely Alice and Bob. The
final state of the entangled photon, indeed, is given by apply-
ing the non-local operators U = (1 + ε(O + QU + QN)) onto
the entangled states, (UA ⊗UB) |ψ〉entangled - here,UA andUB
are associated with the correction operators at Alice and Bob’s
places, respectively.
In summary, we have presented how the curvature of the
spacetime geometry affects the propagation of an arbitrary
wavepacket along a general geodesic in a general curved
spacetime geometry. The effect is beyond classical general
relativity residing in the same category of Hawking radia-
tion [30]. A set of linear operators are presented that encode
the effect of the curvature. The corrections to the informa-
tion carrier wavepacket are investigated in cases of de Sitter
(anti de Sitter) and Schwarzschild spacetime geometries. It
has been shown that the corrections accumulate over time and
distort the information wavepacket. The gravitational distor-
tion, therefore, needs to be accounted for in quantum commu-
nication performed over long distances in a curved spacetime
geometry.
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6SUPPLEMENTARY NOTE 1:
LEADING ORDER CORRECTION TERM
We consider the Fourier integral representation of ψ(1) in terms of x−:
ψ(1) =
∫
dω f (1)ω (x
+, xa)eiωx
−
, (S1)
where f (1)ω is the correction to the structure function for the frequency ω. Substituting (S1) and ψ(0) =
∫
dω f (0)ω (x+, xa)eiωx
−
in
(0)ψ(1) = +ω2R+a¯+b¯ xa¯xb¯ψ(0) yields,∫
dωeiωx
− (
2iω∂+ + ∇2⊥
)
f (1)ω =
∫
dωω2R+a¯+b¯ x
a¯xb¯ f (0)ω e
iωx− . (S2)
We can use x−eiωx− = −i∂ωeiωx− , and integration by parts to simplify the r.h.s of the above equation to,∫
dω
[
−
(
ω2 f (0)ω
)′′
R+−+− + 2i
(
ω2 f (0)ω
)′
xaR+−+a + ω2 f (0)ω x
axbR+a+b
]
eiωx
−
, (S3)
and then obtain, (
2iω∂+ + ∇2⊥
)
f (1)ω = −(ω2 f (0)ω )′′R+−+− + 2i(ω2 f (0)ω )′xaR+−+a + ω2 f (0)ω xaxbR+a+b , (S4)
where ()′ stands for the derivatives w.r.t. ω. Note that (S4) encodes a resonance. The source of the wave equation, up to some
factors, is a solution to the wave equation
(
2iω∂+ + ∇2⊥
)
f (0)ω = 0. The source is oscillating with the frequency of the system, ω.
Thus, corrections accumulate over time. To solve (S4), along the geodesic γ with γ˙µ = xˆ+, we define:
Ga¯b¯ =
∫ x+
0
dξ+ R+a¯+b¯(ξ
+) , (S5a)
G˜a¯b¯ =
∫ x+
0
dξ+ Ga¯b¯(ξ+) , (S5b)
˜˜Ga¯b¯ =
∫ x+
0
dξ+ G˜a¯b¯(ξ+) , (S5c)
where ξ+ is the affine parameter on the geodesic. Next write f (1) by:
f (1)ω = f˜
(1)
ω −
(
ω2 f (0)ω
)′′
2iω
G−− +
(
ω2 f (0)ω
)′
ω
xaG−a − iω2 Gabx
axb f (0)ω , (S6)
where f˜ (1) is an arbitrary function of x+ and xa. Utilizing (S6) in (S4) yields:(
2iω∂+ + ∇2⊥
)
f˜ (1)ω = 2iωGabxa∂b f (0)ω +
iω
2
Gab f (0)ω ∇2⊥
(
xaxb
)
− 2
ω
G−a∂a
(
ω2 f (0)ω
)′
(S7)
We notice that the ++ component of the Ricci tensor along the geodesic holds:
ηµνR+µ+ν = R+a+bηab = 0 , (S8)
which implies δabGab = 0 and simplifies (S7) to,(
2iω∂+ + ∇2⊥
)
f˜ (1)ω = 2iωGabxa∂b f (0)ω −
2
ω
G−a∂a
(
ω2 f (0)ω
)′
. (S9)
Let
f˜ (1)ω =
˜˜f (1)ω + G˜abxa∂b f (0)ω +
i
ω2
G˜−a∂a
(
ω2 f (0)ω
)′
, (S10)
where ˜˜f (1)ω is an arbitrary function of x+ and xa. Utilizing (S10) in (S9) yields:(
2iω∂+ + ∇2⊥
) ˜˜f (1)ω = −2G˜ab∂a∂b f (0)ω , (S11)
7where we have noticed that derivatives of solutions to homogeneous differential equations are also solutions. The solution for
˜˜f (1) is given by,
˜˜f (1)ω =
i
ω
˜˜Gab∂a∂b f (0)ω . (S12)
Combining (S6),(S10) and (S12) gives:
f (1)ω =
(
− iω
2
Gabxaxb + G˜abxa∂b + i
ω
˜˜Gab∂a∂b
)
f (0)ω +
(
i
2ω
G−−
(
ω2 f (0)ω
)′′
+
1
ω
xaG−a
(
ω2 f (0)ω
)′
+
i
ω2
G˜−a∂a
(
ω2 f (0)ω
)′)
(S13)
which we also directly have checked that solves (S4). Let us define:
Oω = − iω
2
Gabxaxb + G˜abxa∂b + i
ω
˜˜Gab∂a∂b , (S14)
Q[ f (0)ω ] =
i
2ω
G−−
(
ω2 f (0)ω
)′′
+
1
ω
xaG−a
(
ω2 f (0)ω
)′
+
i
ω2
G˜−a∂a
(
ω2 f (0)ω
)′
. (S15)
Therefore,
ψ = ψ(0) + εψ(1) + O(ε2) (S16)
=
∫
dωeiωx
− (
f (0)ω + εOω f (0)ω + εQ[ f (0)ω ]
)
+ O(ε2) ,
Integration by parts can be employed to rewrite (S16) to:
ψ(xµ) =
∫
dω eiωx
− (
1 + εOω + εQωU + εQωN
)
f (0)ω + O(ε
2) , (S17)
where
QωU =
i
ω
(
1 − ω
2
2
(
x−
)2)G−− − ix−ωxaG−a + x−G˜−a∂a , (S18)
QωN = x−G−− + G−axa +
2i
ω
G˜−a∂a . (S19)
SUPPLEMENTARY NOTE 2:
CORRECTIONS TO U(1) GAUGE FIELD
We would like to compute the correction due to the curvature of the spacetime geometry to an arbitrary structured photon
propagating along a general null geodesic in a given curved spacetime geometry. We start from the action of a U(1) gauge field
in a general curved spacetime endowed by metric gµν which is given by,
S [Aµ] = −14
∫
d4x gµµ
′νν′FµνFµ′ν′ , (S20)
gµµ
′νν′ =
1
2
√− det g(gµµ′gνν′ − gµν′gνµ′ ) , (S21)
where Fµν is the field strength of the U(1) connection: Fµν = ∂µAν − ∂νAµ. The functional variation of the action with respect to
the gauge field gives the its equation of motion:
∂µ
(
gµµ
′νν′Fµ′ν′
)
= 0 . (S22)
We would like to study perturbative solutions for the ε expansion of the metric. To this aim, we write an expansion series for the
gauge field and gµµ
′νν′ :
Aµ = A(0)µ + εA
(1)
µ + O(ε
2) , (S23)
gµµ
′νν′ = g(0)µµ
′νν′ + εg(1)µµ
′νν′ + O(ε2) . (S24)
The zero order term of (S22) follows: (
ηµν(0) − ∂µ∂ν
)
A(0)ν = 0 , (S25)
8where from here forward ηµν is utilized to move up or down the indices: A(0)ν = ηνλA(0)λ . We choose the Lorentz gauge,
∂νA(0)ν = 0, that simplifies the equation for A(0) to,
(0)A(0)µ =
(
2∂+∂− + ∇2⊥
)
A(0)µ = 0 . (S26)
We are interested in the structured photon whose field configuration is given by,
A(0)µ = f
(0)
µ (x
+, xa)eiωx
−
, (S27)
and the structure function, f (0), is very slowly varying: |∂µ f (0)ν |  ω| f (0)ν |. The Lorenz gauge then implies:
f (0)+ = 0 , (S28)
∂+ f
(0)
− + ∂
a f (0)a = 0 , (S29)
that we choose to solve for f (0)− . This leaves f
(0)
a as the physical modes and maps (S26) to,
(0)A(0)a = (2iω∂+ + ∇2⊥)A(0)a = 0 . (S30)
They can be understood as the distribution of the polarization/helicity of the photon. The equation of motion for A(1)µ in the
Lorenz gauge follows from (S22):
(0)A(1)µ = −∂ν
(
g(1)µµ
′νν′F(0)µ′ν′
)
. (S31)
We are interested in the solutions where |∂λg(1)µν|  ω|g(1)µν|. Therefore, ∂− in the rhs of (S31) does not act on the metric’s
components:
(0)A(1)µ = −g(1)µµ′νν′∂νF(0)µ′ν′ , (S32)
As the beam’s shape is changing very slowly compared to ω, we should keep only ∂− in the rhs of (S32):
(0)A(1)µ = −ω2
(
g(1)−−µα − g(1)−αµ−
)
A(0)α , (S33)
wherein ∂2−A
(0)
α = −ω2c2 A(0)α is utilized. Expressing (S33) in term of the components of the metric and utilizing (S28) returns:
(0)A(1)+ = 0 , (S34)
(0)A(1)a = δg
−−A(0)a , (S35)
the first of which is solved by A(1)+ = 0. Recalling the Lorenz gauge, we note that A
(1)
− can be expressed in term of A
(1)
a so we
have spared writing its equation. Utilizing the metric expansion series then gives,
(0)A(1)i = ω
2R+a¯+b¯ x
a¯xb¯A(0)i , (S36)
which is identical to the equation for a scalar field. So its solution can be straight fully derived from (S16). For the zero-order
solution of,
A(0)i =
∫
dωA(0)i (ω, x
+, xa)eiωx
−
+ c.c. (S37)
The corrected solution is given by,
Ai =
∫
dωeiωx
−
(1 + εO + εQU + εQN) A(0)i (ω, x+, xa) + O(ε2) , (S38)
where O and Q are defined in (S14) and (S15). This concludes the correction for a U(1) field.
9SUPPLEMENTARY NOTE 3:
CORRECTIONS TO MASSIVE SCALAR FIELD
Alice and Bob can communicate by exchanging wavepackets made of massive particles. We use the Fermi Coordinates
adapted to the time-like geodesic, given by Manasse and Misner [31]:
ds2 = +c2dt2
(
−1 + R0l0mxlxm
)
+
2
3
R0limxlxmdtdxi + dxidx j
(
δi j +
1
3
Ril jmxlxm
)
+ O(xlxmxn) , (S39)
where Rµαβν represents the components of the Riemann tensor computed along the time-like geodesics of the packet. The
components of the Riemann tensor in (S39) are functions of time, and time is the proper time as measured in the rest frame of
the massive wavepacket. We use the Greek alphabet µ from {0, 1, 2, 3} where 0 stands for time. We use Latin indices to show the
directions. The generally covariant form of a wave equation of a massive scalar particle ϕ with rest mass of m0 is,(
 − m20
)
ϕ = ∂µ (gµν∂νϕ) + ∂νϕgµν∂µ ln(
√− det g) − m20ϕ = 0 . (S40)
Note that we set the units such that c = 1 and ~ = 1. Utilizing the ε expansion series for the metric then yields,(
(0) − m20
)
ϕ = −ε∂µ(δgµν∂νϕ) − εηµν∂νϕ∂µδg + O(ε2) , (S41)
where (0) = ηµν∂µ∂ν = −∂2t + |∇|2. We would like to solve (S41) in a perturbative fashion. In so doing we consider:
ϕ = f (0)eiωt + ε f (1)eiωt + O(ε2) , (S42)
where ω := m0 is understood. Next assume that |∂µ f |  ω| f | which gives:(
− ~
2
2m0
∇2 − i~∂t
)
f (0) = 0 , (S43)(
− ~
2
2m0
∇2 − i~∂t
)
f (1) = ω2 R0l0m(t)xlxm f (0) . (S44)
Eq. (S43) is the Schrodinger equation in 3 + 1 dimensions. Notice that (S44) can be directly obtained from considering the
Schrodinger equation in the approximation of Newtonian potential associated to g(1)00 . The equation for f
(1) can be mapped to
a generalization of (S4) to five dimensions where the components of the Riemann tensor in 5D vanishes for the x− transfer
direction, and t = x+. This mapping gives:
f (1) =
(
− iω
2
Gabxaxb + G˜abxa∂b + i
ω
˜˜Gab∂a∂b
)
f (0), (S45)
where
Gab =
∫ T
0
dτ R0a0b(τ) , (S46)
G˜ab =
∫ T
0
dτ Gab(τ) , (S47)
˜˜Gab =
∫ T
0
dτ G˜ab(τ) , (S48)
where τ is an affine parameter and a, b ∈ {1, 2, 3}, and Bob gets the message T seconds (T in the rest frame of the particle) after
Alice writes it. We directly have checked that (S45) solves (S44) where we notice R a0a0 = 0. We again notice that if we represent,
ϕAlice = f (0)eiωt , (S49)
ϕBob =
(
f (0) + ε f (1)
)
eiωt , (S50)
then,
ϕBob = OϕAlice , (S51)
where the spacetime operator O depends on the spacetime geometry and the geodesic:
O = 1 − iω
2
Gabxaxb + G˜abxa∂b + i
ω
˜˜Gab∂a∂b . (S52)
This concludes the correction for a massive scalar.
10
SUPPLEMENTARY NOTE 4:
CORRECTIONS IN THE HILBERT SPACE
We consider the Hilbert space for the scalar field ψ. We write an ε expansion series for the state |ψ〉:
|ψ〉 =
∣∣∣ψ(0)〉 + ε ∣∣∣ψ(1)〉 + O(ε2) (S53)
Let us consider:
〈x|ψ〉 =
〈
x
∣∣∣ψ(0)〉 + ε 〈x∣∣∣ψ(1)〉 + O(ε2) = ψ(0) + εψ(1) + O(ε2) , (S54)
where ψ(0) is,
ψ(0) =
∫
dω f (0)ω (x
+, xa)eiωx
−
, (S55)
and ψ(1) is presented in (S1):
ψ(1) =
∫
dω f (1)ω (x
+, xa)eiωx
−
. (S56)
We notice that the equation that governs the dynamics of f (0)ω , is isomorphic to the Schrodinger equation. me f f = ~ω maps the
equation of f (0)ω to the Schrodinger equation for a free particle of mass me f f in 2 + 1 dimensions of (x+, xa):
− ~
2
2meff
∇2⊥ f (0)ω = i~∂x+ f (0)ω . (S57)
This isomorphism implies that x+ in the Hilbert space should be treated as a time-variable rather than an operator. The Hamilto-
nian associated to x+ is:
H =
P2
2meff
=
1
2ω
(P21 + P
2
2) , (S58)
where P1 and P2 are the momentum operators in the transverse directions x1 and x2. We choose a basis of the Hamiltonian to
represent f (0)ω (x):
ψ(0) =
∫
dωeiωx
− ∑
s
C(0)s,ω exp
(
− iEsx
+
~
)
fs(x1, x2) , (S59)
where fs is an eigenstate of the Hamiltonian with energy of Es. This allows us to write,
∣∣∣ψ(0)〉 = ∫ dωeiωx− ∑
s
C(0)s,ω exp
(
− iEsx
+
~
)†
ω,s
|0〉 , (S60)
where a†ω,s is the creation operator for a mode with frequency ω and structure s. |0〉 is the vacuum state in the Fermi coordinates
for ε = 0 (adapted to the null geodesic). Eq. (S17) presents the value for (S54):
〈x|ψ〉 =
∫
dω eiωx
−
(1 + εOω + εQωU + εQωN)
∑
s
C(0)s,ω exp
(
− iEsx
+
~
)
fs + O(ε2) , (S61)
In order to write |ψ〉, we first write the quantum analog of (S14),(S18) and (S19) by changing xa → Xa and ∂a → iPa~ :
Oω = − iω
2
GabXaXb + i2~ G˜ab(X
aPb + PbXa) −
˜˜Gab
~2ω
PaPb , (S62)
QωU =
i
ω
(
1 − ω
2
2
(x−)2
)
G−− − ix−ωG−aXa + ix
−
~
G˜−aPa , (S63)
QωN = x−G−− + G−aXa −
2
~ω
G˜−aPa , (S64)
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where Xa are operators. Notice that Oω, QωU and QωN are functions of x+ because G, G˜ and ˜˜G are function of x+. The corrected
state (S53) then follows from (S17):
|ψ〉 =
∑
s
∫
dωC s(ω)e−
iEs x+
~ eiωx
− (
1 + ε(Oω + QωU + QωN)
)
a†s(ω) |0〉 + O(ε2) . (S65)
Alice is at x+ = 0. Notice that Oω, QωU and QωN vanish at x+ = 0 and we get,
|ψAlice〉 = |ψ〉 |x+=0 , (S66)
Bob is at x+, so the state he sees is given by,
|ψBob〉 = |ψ〉 |x+=T . (S67)
Let us choose a normal distribution for C s(ω) in terms of ω around ω0 with width of σ:
C s(ω) =
1
σ
√
2pi
e−
(ω−ω0)2
2σ2 C˜ s , (S68)
where C˜ s is a real number. We assume that σ  ω. This allows us to simplify (S65) to:
|ψ〉 = (1 + εOω0 + εQω0U + εQω0N )e−
iHx+
~ |ψ〉 |x+=0 + O
(
ε2, ε
σ
ω
)
. (S69)
We notice that (S69) can be utilized to write:
|ψBob〉 = (1 + εOω0 + εQω0U + εQω0N )e−
iHT
~ |ψAlice〉 + O
(
ε2, ε
σ
ω
)
. (S70)
We highlight that 1 + εQω0U and 1 + εOω0 are unitary operators:
Oω0† + Oω0 = 0 , (S71)
Qω0U † + Qω0U = 0 , (S72)
while 1 + εQω0N is not unitary:
Qω0N † + Qω0N = 0 . (S73)
We refer to QU and O as the generators of quasi unitary operators, QN represents the generator of a non-unitary. All of QU , O
and QN are generators of non-local operators.
Each transverse polarization of the U(1) gauge field gets corrected by the spacetime geometry as if it were a massless scalar.
So (S70) is valid for the U(1) guage field too. This concludes the correction for the quantum realm.
SUPPLEMENTARY NOTE 5:
PROPAGATION IN THE SCHWARZSCHILD SPACETIME GEOMETRY
In a spacetime endowed with the metric gµν, a geodesic xµ(τ) can be obtained from an effective action:
S =
∫
dτL , (S74)
L = gµν x˙µ x˙ν , (S75)
where τ is an affine parameter. For the Schwarzschild black hole in the standard coordinates, this is,
L = −
(
1 − m
r
)
t˙2 +
r˙2
1 − mr
+ r2
(
θ˙2 + sin2 θϕ˙2
)
, (S76)
where m = 2GNM• that M• is the mass of the black hole and c = 1 is understood. We choose the units such that m = 1. Due
to the spherical symmetry, without loss of generality, we can choose the equatorial plane θ = pi2 and θ˙ = 0 to describe any given
geodesic at all times. The cyclic variables of ϕ and t lead to invariant quantities:
∂L
∂ϕ
= 0→ r2ϕ˙ = L , (S77)
∂L
∂t
= 0→
(
1 − 1
r
)
t˙ = E . (S78)
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We consider null geodesics reaching the asymptotic infinity and set E = 1. Due to the form of the Lagrangian, its Legendre
transformation, which is the Lagrangian itself, is invariant. We consider a null geodesic, and set L = 0 giving,
|r˙| = γ(r) =
√
1 − 1
r2
(
1 − 1
r
)
L2 . (S79)
The non-zero components of the Riemann tensor on the geodesic (θ = pi2 ) in the standard spherical coordinates are:
Rtrtr = − 1r3 , (S80a)
Rθϕθϕ = r (S80b)
Rtθtθ = Rtϕtϕ =
r − 1
2r2
, (S80c)
Rrθrθ = Rrϕrϕ = − 12 (r − 1) . (S80d)
The coordinate independent representation of the Riemann tensor, therefore, follows:
R = − 1
r3
(dt∧dr) ⊗ (dt∧dr) + r (dθ∧dϕ) ⊗ (dθ∧dϕ) + r − 1
2r2
((dt∧dϕ) ⊗ (dt∧dϕ) + (dt∧dθ) ⊗ (dt∧dθ))
− 1
2(r − 1) ((dr∧dϕ) ⊗ (dr∧dϕ) + (dr∧dθ) ⊗ (dr∧dθ)) . (S81)
We would like to compute the components of the Riemann tensor in x+, xa¯ coordinates. To this aim, we first consider an
infinitesimal displacement δ~x:
d~x = f dteˆt +
dr
f
eˆr + rdϕeˆϕ + rdθeˆθ , (S82)
where eˆt, eˆr, eˆϕ and eˆθ are the normalized unit vectors in t, r, θ, ϕ coordinates, and,
f =
√
1 − 1
r
. (S83)
The displacement vector in the x+, xa¯ coordinates follows
d~x = dx+eˆ+ + dx−eˆ− + dx1eˆ1 + dx2eˆ2 , (S84)
where eˆ+, eˆ−, eˆ1 and eˆ2 are the normalized unit vectors in the x+, xa¯ coordinates. The unit vectors of eˆ−, eˆ+, eˆ1 and eˆ2 are:
eˆ+ =
1√
2
(
+eˆt + r˙eˆr + r f ϕ˙eˆϕ
)
, (S85a)
eˆ− =
1√
2
(
−eˆt + r˙eˆr + r f ϕ˙eˆϕ
)
, (S85b)
eˆ1 = −r f ϕ˙eˆr + r˙eˆϕ , (S85c)
eˆ2 = eˆθ , (S85d)
We use (S85) in (S82) and equate it to (S84), and obtain:
dt =
1
f
√
2
(
dx+ − dx−) , (S86a)
dr =
f r˙√
2
(
dx+ + dx−
) − r f 2ϕ˙dx1 , (S86b)
dϕ =
f ϕ˙√
2
(
dx+ + dx−
)
+
r˙
r
dx1 , (S86c)
dθ =
1
r
dx2 . (S86d)
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We would like to compute R+a¯+b¯. In doing so, we keep only the linear dx+ terms in the wedge products that appeared in (S81):
dt ∧ dr = r˙dx+ ∧ dx− − r f ϕ˙√
2
dx+ ∧ dx1 , (S87a)
dt ∧ dϕ = ϕ˙dx+ ∧ dx− + r˙
f r
√
2
dx+ ∧ dx1 , (S87b)
dt ∧ dθ = 1
r f
√
2
dx+ ∧ dx2 , (S87c)
dr ∧ dϕ = f
r
√
2
dx+ ∧ dx1 , (S87d)
dr ∧ dθ = f r˙
r
√
2
dx+ ∧ dx2 , (S87e)
dθ ∧ dϕ = − f ϕ˙
r
√
2
dx+ ∧ dx2 . (S87f)
Utilizing (S87) in (S81) enables us to extract the components of R+a¯+b¯:
R+−+− = − r˙
2
r3
+
r − 1
2r2
ϕ˙2 , (S88a)
R+1+1 = − 14r3 +
r˙2
4r3
− f
2ϕ˙2
2r
, (S88b)
R+2+2 =
1
4r3
− r˙
2
4r3
+
f 2ϕ˙2
2r
, (S88c)
R+−+1 =
√
2
r2
(
f 2 +
f
2
)
r˙ϕ˙ , (S88d)
R+−+2 = R+1+2 = 0 . (S88e)
As a consistency check, we observe that (S88) satisfies (S8), and R+−+2 and R+1+2 vanish due to parity symmetry in the x2
direction: x2 → −x2. We use (S77), (S79) and (S83) to simplify (S88):
R+−+− =
3L2(r − 1)
2r6
− 1
r3
, (S89a)
R+1+1 = −3L
2(r − 1)
4r6
, (S89b)
R+2+2 =
3L2(r − 1)
4r6
, (S89c)
R+−+1 = L
√
2
1 − 1r + 12
√
1 − 1
r
 r˙r4 , (S89d)
R+−+2 = R+1+2 = 0 . (S89e)
Eq. (S89) enables us to compute the G coefficients given (S5) for any geodesic.
Propagating along a general null geodesic
This section considers that Alice and Bob are at the same far distance ra from the black hole. Alice sends a wave packet
toward Bob. The wave packet goes near the black hole and is deflected toward Bob, fig. S1. The package takes x+ = T of
the affine parameter to reach Bob. We notice that r˙ is negative for x+ ∈ {0, T2 } and is positive for x+ ∈ { T2 ,T }. To calculate the
integration of the R˜+a¯+b¯ over the geodesic, we divide integration to intervals of positive and negative r˙ :
Ga¯b¯ =
∫ T
2
0
dτR+a¯+b¯ +
∫ T
T
2
dτR+a¯+b¯ =
∫ rmin
ra
dr
r˙
R+a¯+b¯ +
∫ ra
rmin
dr
r˙
R+a¯+b¯ +
∫ ra
rmin
dr
γ(r)
R+a¯+b¯ +
∫ ra
rmin
dr
γ(r)
R+a¯+b¯ , (S90)
where red color is used for the interval where r˙ is negative, and blue is used when r˙ is positive. In the last line, the integration
limit of integrals are written from a smaller value of r to a larger one, and r˙ = γ(r) is used for blue integral, and r˙ = −γ(r) is
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Supplementary Figure S1. The geometry of communication for an arbitrary geodesic path, where two satellites share a wavepacket. The
wavepacket traverses through the spacetime, goes near the black hole, and is deflected toward Bob.
used for red integral where γ is defined in (S79). Utilizing (S89) then gives
G−− = 2
∫ ra
rmin
dr
γ(r)
R+−+−, (S91a)
G−1 = 0 , (S91b)
G11 = −G22 = 2
∫ ra
rmin
dr
γ(r)
R+1+1 . (S91c)
where γ(r) is defined in (S79). We also need to calculate G˜a¯b¯ in (S5):
G˜a¯b¯ =
∫ T
0
dτ
∫ τ
0
dτ′R+a¯+b¯(τ
′) , (S92)
where T is the total amount of affine parameter that the light packet takes to reach from Alice to Bob. We would like to change
the integration over τ to an integration over r by dτ = drr˙ . We break the integral to intervals of constant sign for r˙,
G˜a¯b¯ =
∫ T
2
0
dτ
∫ τ
0
dτ′R+a¯+b¯ +
∫ T
T
2
dτ
∫ T
2
0
dτ′R+a¯+b¯ +
∫ T
T
2
dτ
∫ τ
T
2
dτ′R+a¯+b¯ , (S93)
where red color is for the interval of negative r˙ and blue colour is for positive r˙. Next we change the integral from τ to r through
dτ = drr˙ :
G˜a¯b¯ =
∫ rmin
ra
dr
γ(r)
∫ r
ra
dr′
γ(r′)
R+a¯+b¯ −
∫ ra
rmin
dr
γ(r)
∫ rmin
ra
dr′
γ(r′)
R+a¯+b¯ +
∫ ra
rmin
dr
γ(r)
∫ r
rmin
dr′
γ(r′)
R+a¯+b¯ , (S94)
where r˙ = γ(r) is used for the blue integral, r˙ = −γ(r) is used for red integrals, and γ is defined in (S79). We write all the
integrals from a smaller value of radius to the larger one,
G˜a¯b¯ =
∫ ra
rmin
dr
γ(r)
∫ ra
r
dr′
γ(r′)
R+a¯+b¯ +
∫ ra
rmin
dr
γ(r)
∫ ra
rmin
dr′
γ(r′)
R+a¯+b¯ +
∫ ra
rmin
dr
γ(r)
∫ r
rmin
dr′
γ(r′)
R+a¯+b¯ . (S95)
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Utilizing (S89) then gives:
G˜−1 = −2
∫ ra
rmin
dr
γ(r)
∫ ra
r
dr′
R+−+1
r˙
, (S96a)
G˜11 = −G˜22 =
(∫ ra
rmin
dr
γ(r)
)
G11 . (S96b)
To compute ˜˜Ga¯b¯, notice that it is given by
˜˜Ga¯b¯ =
∫ T
0
dτ1
∫ τ1
0
dτ2
∫ τ2
0
dτ3R˜a¯b¯(τ3) . (S97)
We divide the domain of integration to intervals that have constant sign of r˙,
˜˜Ga¯b¯ =
∫ T
2
0
dτ1
∫ τ1
0
dτ2
∫ τ2
0
dτ3R+a¯+b¯(τ3) +
∫ T
T
2
dτ1
∫ T
2
0
dτ2
∫ τ2
0
dτ3R+a¯+b¯(τ3)
+
∫ T
T
2
dτ1
∫ τ1
T
2
dτ2
∫ T
2
0
dτ3R+a¯+b¯(τ3) +
∫ T
T
2
dτ1
∫ τ1
T
2
dτ2
∫ τ2
T
2
dτ3R+a¯+b¯(τ3) , (S98)
where the red color is associated to intervals where r˙ is negative, blue is associated to the intervals wherein r˙ is positive. Now
we change the integral from over τ to r:
˜˜Ga¯b¯ = −
∫ rmin
ra
dr1
γ(r1)
∫ r1
ra
dr2
γ(r2)
∫ r2
ra
dr3
γ(r3)
R+a¯+b¯ +
∫ ra
rmin
dr1
γ(r1)
∫ rmin
ra
dr2
γ(r2)
∫ r2
ra
dr3
γ(r3)
R+a¯+b¯
−
∫ ra
rmin
dr1
γ(r1)
∫ r1
rmin
dr2
γ(r2)
∫ rmin
ra
dr3
γ(r3)
R+a¯+b¯ +
∫ ra
rmin
dr1
γ(r1)
∫ r1
rmin
dr2
γ(r2)
∫ r2
rmin
dr3
γ(r3)
R+a¯+b¯ , (S99)
where r˙ = γ(r) is used for the blue integrals, r˙ = −γ(r) is used for red integrals, and γ is defined in (S79). We interchange the
domain of all the integrals, such that all the integrals start from the smaller value of r:
˜˜Ga¯b¯ =
∫ ra
rmin
dr1
γ(r1)
∫ ra
r1
dr2
γ(r2)
∫ ra
r2
dr3
γ(r3)
R+a¯+b¯ +
∫ ra
rmin
dr1
γ(r1)
∫ ra
rmin
dr2
γ(r2)
∫ ra
r2
dr3
γ(r3)
R+a¯+b¯
+
∫ ra
rmin
dr1
γ(r1)
∫ r1
rmin
dr2
γ(r2)
∫ ra
rmin
dr3
γ(r3)
R+a¯+b¯ +
∫ ra
rmin
dr1
γ(r1)
∫ r1
rmin
dr2
γ(r2)
∫ r2
rmin
dr3
γ(r3)
R+a¯+b¯ . (S100)
Noticing that R+1+1 does not depend on r˙, and after simplification we then obtain:
˜˜G11 = − ˜˜G22 =
(∫ ra
rmim
dr
γ(r)
)2
G11 −
(∫ ra
rmin
dr1
γ(r1)
∫ ra
r1
dr2
γ(r2)
)
G11
+ 2
∫ ra
rmin
dr1
γ(r1)
∫ ra
r1
dr2
γ(r2)
∫ ra
r2
dr3
γ(r3)
R+1+1(r3) . (S101)
Notice that in the simplification we haven’t tried to get the minimum number of integrations. We have ordered the boundary of
all integrals from a lower value of r to ra. Eq. (S89), (S91), (S96) and (S101) identify all the G-coefficients of O (S14), QU (S18)
and QN (S19) at Bob’s position for a general geodesic.
SUPPLEMENTARY NOTE 6:
DEFLECTION BY THE SUN
This section considers the communication between Alice and Bob in the weak regime of gravity of the Schwarzschild space-
time geometry, see Fig. S2. Alice sends a wavepacket/beam toward Bob. The wavepacket reaches a distance of l from the central
mass and l is large. So the packet is very slightly deflected. Its trajectory remains almost a straight line. In so doing, we treat
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Supplementary Figure S2. Alice and Bob are in the weak gravity regime at distance of ra from the central mass. Alice sends a pulse beam
(contains information) toward Bob. The wavepacket reaches distance of l to the central mass. l is large and the wavepackage is very slightly
deflected. Its trajectory remains almost a straight line.
theSchwarzschild radius as a small parameter and simplify (S91), (S96) and (S101) to,
l2G−− =
√
a2 − 1
a3
, (S102a)
l2G−1 = 0 , (S102b)
l2G11 = −l2G22 =
√
a2 − 1
2a3
(1 + 2a2) , (S102c)
lG˜−1 = −3(a
2 − 1)√
2a2
, (S102d)
lG˜11 = −lG˜22 = 12a3 (a
2 − 1)(1 + 2a2) , (S102e)
˜˜G11 = − ˜˜G22 = − (a
2 − 1) 32 (1 + a2)
2a3
, (S102f)
where a = ra/l is a dimensionless parameter a. Utilizing (S102) in (S14), (S18) and (S19) yields:
Oω = − iω
2
G11(x21 − x22) + G˜11(x1∂1 − x2∂2) +
i
ω
˜˜G11
(
(∂1)2 − (∂2)2
)
(S103a)
QωU =
i
ω
(
1 − ω
2
2
(x−)2
)
G−− + x−G˜−1∂1 , (S103b)
QωN = x−G−− +
2i
ω
G˜−1∂1 . (S103c)
Employing them in (S17) results in the corrected wave:
ψ(xµ) =
∫
dω eiωx
− (
1 + εOω + +εQωU + εQωN
)
f (0)ω + O(ε
2) . (S104)
We assume that Alice prepares a frequency Gaussian wavepacket with the central frequency ω0 and width σ:
f (0)ω =
1
σ
√
2pi
e−
(ω−ω0)2
2σ2 f (0)(x+, x1, x2) , (S105)
where f (0) satisfies the wave equation and σ  ω0. This assumption allows us to replace ω in the parentheses of the integral of
(S104) with ω0, and perform the integration over ω to obtain:
ψ(xµ) = eiω0x
−
e−
(σx− )2
2
(
1 + ε
(
Oω0 + Qω0U + Qω0N
))
f (0) + O
(
ε2,
εσ
ω0
)
. (S106)
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Supplementary Figure S3. Alice uses the large telescopes on Earth, and sends a Hermite Gaussian signal toward Bob such that the width of
the signal remains smaller than the Sun’s radius at its closest encounter to the Sun.
Alice sends a beam with a Hermite-Gaussian distribution in the transverse directions of x1 and x2, note that f (0)ω (x+, xa) :=
f (0)ω,m,n,q = HGq(x+) HGm,n(x1, x2). To represent such a solution, let w0 be the initial width of the beam, zR be the Rayleigh range,
and w(x+) be the width of the packet at x+
w(x+) = w0
√
1 +
(
x+
zR
)2
, (S107)
zR =
1
2
ω0w20 . (S108)
Define δ(x+) as the Gouy phase:
δ(x+) = (m + n + 1) arctan
(
x+
zR
)
. (S109)
For Hermite-Gaussian modes of m, n around the mean value of ω0 with the width of σ:
ψAlice(xµ) = Cm,n eiω0x
−
e−
(σx−)2
2
(
w0
w(x+)
)
Hm
 √2x1w(x+)
 Hn  √2x2w(x+)
 exp−ω0(x21 + x22)2zR − 2ix+ + iδ(x+)
 , (S110a)
where Hn(.) are Hermite polynomials, and m, n are positive integer values that define the transverse modes. Figure 4-(a) shows
the intensity profile of Hermite-Gauss modes for first 9 modes, m, n ∈ {0, 1, 2}. Note that (S110) represents exact solutions for
beams propagating in Minkowski spacetime geometry. We express (S103) at x+ = T in terms of x and y:
O = −iω¯w2(T )G11(x2 − y2) + G˜11(x∂x − y∂y) + 2i
˜˜G11
ω¯w2(T )
(
∂2x − ∂2y
)
, (S111a)
QU = i
ω¯
(1 − ω¯
2
2
(x−)2)G−− +
√
2G˜−1
w(T )
x−∂x , (S111b)
QN = x−G−− + 2
√
2i
ω¯w(T )
G˜−1∂x , (S111c)
where x =
√
2x1/w(x+) and y =
√
2x2/w(x+) are dimensionless coordinates, and T = 2l
√
a2 − 1 is the time at which the
wavepacket reaches to Bob – for simplicity, we have dropped the superscript of ω0. Thus, the wavepacket at T is,
ψBob(xµ) = ((1 + ε (O + QU + QN))ψAlice) |x+=T + O
(
ε2, εσ
)
. (S112)
We would like to study the correction for the solar system, when Alice and Bob are at the mean-Earth-Sun distance from the
sun and the wavepacket passes at l = 2R, Fig. S3. We assume that zR  T . So we set:
m = m = 2953 meteres , (S113)
ra = 1.51 × 1011 meteres , (S114)
l = 2R = 1.39 × 109meters , (S115)
a = 218.6 . (S116)
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This allows us to approximate:
w(T ) = w0
T
zR
, (S117)
∂x ≡ − iTzR x , (S118)
∂y ≡ − iTzR y . (S119)
For the case that we are interested in, a is large. So we approximate (S102) for large a, and obtain,
O = −8ia
2
zR
(x2 − y2) , (S120)
QU = ia2l2ω¯
(
1 − ω¯
2
2
(x−)2
)
+
3i
lw0
x−x , (S121)
QN = x
−
a2l2
− 3w0x
zRl
. (S122)
We observe that, for w0  zRa , that holds true for a large value of zR, the width of the package near the Sun remains much smaller
than the Sun’s radius. We assume that σ is not very sharp, so we ignore terms proportional to x−. We assume that a is large. So
O gives the largest contribution. We, therefore, keep only O and write:
ψBob =
(
1 − i9ma
2
zR
(x2 − y2)
)
ψAlice|x+=T (S123)
=
(
1 − i26.6 km × a
2
zR
(x2 − y2)
)
ψAlice|x+=T (S124)
=
(
1 − i1.12 × 10
9 meters
zR
(x2 − y2)
)
ψAlice|x+=T . (S125)
For zR < 26.6 km × a2, the correction becomes larger than 1 and we need to take into account higher ε terms. In order to keep
the correction perturbative, we should choose either a sufficiently large value of zR or a null geodesic with smaller value of a.
For zR = 2.66 km × a2 = 1010 m, the correction remains small and the wavepacket at Bob’s position is,
ψBob(xµ) = (1 − 0.11i(x2 − y2))ψAlice(xµ)|x+=T . (S126)
The correction term εψ(1), thus is,
εψ(1)(xµ) = 0.11i(x2 − y2)ψAlice(xµ)|x+=T . (S127)
We have depicted the amplitude and phase of the εψ(1) in Fig. 4. We highlight that (S123) can be extended to the communication
between Alice and Bob around the Earth as well,
ψBob(xµ) =
(
1 − i9m⊕a
2
zR
(x2 − y2)
)
ψAlice(xµ)|x+=T (S128)
=
(
1 − i7.8 cm × a
2
zR
(x2 − y2)
)
ψAlice(xµ)|x+=T . (S129)
We, however, see that for sufficiently large value of zR that satisfies all the constraints, the magnitude of the correction is far
smaller than what we have predicted for the correction around the Sun.
SUPPLEMENTARY NOTE 7:
ON GRAVITATIONAL DECOHERENCE
The consistency of the perturbation requires that all the ε terms in (S14), (S19) and (S19) remain smaller than 1. For a wave
packet with a frequency width of σ and beam width of W, we can estimate the magnitude of each term by replacing x with W, ∂
with 1W and x
− with 1
σ
. In particular, estimating the contribution of G˜11 in (S96b) to be smaller than 1, yields,
T  2|G11| , (S130)
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Supplementary Figure S4. The shaded area shows the regime where ra and rmin for which |G˜11| remains smaller than 1. The unit of length is
chosen equal to the Schwarzschild radius.
where,
T = 2
∫ ra
rmin
dr
γ(r)
, (S131)
is the time that the packet has felt the curved spacetime geometry during its journey. G11 is a non-zero small parameter presented
in (S91c). So (S130) identifies the maximum amount of time that the wave packet can retain its phase and coherence intact. For
rmin  ra and large l, (S102c) will prove that |G11| = ml2 and simplifies (S130) to,
cTMax  l
2
m
, (S132)
which shows that the curvature of the spacetime geometry ultimately changes the phase of the wavepacket moving on any null
geodesic. For T > TMax, Bob would need to take into account all the ε terms to recover the phase shift of the wavepacket that
Alice has sent. This means that Bob must calculate the corrections up to an infinite derivatives of the Riemann tensor. Taking
into account all the derivatives of the Riemann tensor in a smooth geometry, is tantamount of knowing the exact value for the
Riemann tensor in whole of the spacetime geometry, a piece of knowledge that is not practically possible to gain. So it is tentative
to argue that for T > TMax, Bob practically does not have any chance to compute the effect of the correction due to the curvature
of the spacetime geometry and recover what Alice has sent. We refer to this phenomenon as practical gravitational decoherence.
For small values of l, the null geodesic goes very close to the event horizon of the black hole. We have numerically performed
the integration and calculated G˜11 for small values of rmin. Fig. S4 shows the regime of ra and rmin where G˜11 remains smaller
than 1. We observe that when the wave packet passes very close to the event horizon of the black hole, G˜11 becomes larger than
one at around the black hole. This implies that a close encounter with the event horizon of the black hole completely changes
phase of the wave packet. The curvature of the spacetime geometry near the event horizon modifies the phase of the wavepacket
to such a degree that the perturbation cannot be used to predict what far observers see. This could be interpreted as gravitational
decoherence in the perturbative regime, and implies that Bob and Alice cannot easily communicate over a null geodesic that
passes very close to the event horizon of the black hole, where the black hole adds lots of noise, and reducing the noise would
be a computationally extensive or impossible task.
